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TEMPERATURE DROPS THROUGH LIQUID-COOLED TURBINE BLADES WITH
VARTIOUS COOLING-PASSAGE GEOMETRIES

By Edward R. Bartoo

SUMMARY

The effects of variations in cooling-passage geometry on the rela-
tions between heat flow and temperature drops within ligquid-cooled turbine
blades were determined quantitatively. Wall thicknesses, blade section
depths, and cooling-passage sizes, shapes, and spacings were varied ex-
perimentally on a simple electric analog on which were simulated rectangu-
lar sections of blades. Data were obtalned for sections heated along one
surface and cooled by & row of passages alt varlous distances from that
surface. These data were extended to apply to sections heated along two
opposing surfaces and cooled by & single row of passages equidistant from
those surfaces. Results are presented in terms of the temperature 4dif-
ferences between the cooled-surface temperature and (1) the average
heated-surface temperature, (2) the minimum heated-surface temperature,
(3) the maximum heated-surface temperature, apd (4) the maximum tempera-
ture at the centerline of the turbine blades.

INTRODUCTION

For some applications of gas-{urbine engines, liquid-cooling of the
turbine is desirable in order to permit operation at gas-temperature
levels higher than ie presently feasible. Because of the very hlgh heat-
transfer rates possible wlth llquid-cooling, temperature gradients within
the turbine blades can become excessive unless proper deslgn procedures
are used. Data presented herein can be used to evaluate temperature dif-
ferences within liguid-cooled turbine blades for a wide variety of
coolant-passage conflgurations.

Early investigators in the turbine-cooling fileld reslized almost
immediately that liquids would provide much stronger cooling then air.
Initial liquid-cooling investigations were made to demonstrate this fact
and to determine the magnitude of the heat-transfer coefficients that
could be reaslized. Since it was convenlent and adequate for the initial
investigations and since its properties are well-defined over a wide range
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of conditions, water was chosen as the cooling medlum.” Fabrication prob-
lems led to the use of relatively large cooclant passages in the turbine
blades. Stress conslderations required that such passages be of circular
croes section in order to better withstand the hlgh coolant pressures
developed by centrifugal actlon at high speeds.

This early research 1n the fileld counfirmed the expectations for
liquid-cooling and provided background for subsequent work. (Refs. 1 and
2 are typlcal.) In addition, it emphasized some of the problems to be
encountered in the further development of liquid-cocled systems for air-
craft turbines. Without pressurizstion, the boiling point of water 1s low
and the maximum coolant temperature within the system ie limited. Conse-
quently, turbine bledees sre overcooled, heat-rejection rates become ex-
cegsive, and, as shown by reference 3, heat rejection to ambilent air at
flight Mach numbers above 1.8 is almost impossible with a simple heat ex-
changer. References-4 and 5 show that the type of cooling passages con-
sidered would result in excessive temperm@ture gradients within the turbine
blades. : S o

These factors nsturslly lead to the consideration of cooling systems
designed for (1) maximum permissible blade temperatures in order to keep
the heat load on the system to a minimum, (2) maeximm feasible coolant
temperatures in order to facllitate hest rejectlion to the surrounding
atmosphere, and (3) minimum thermal gradlents within the blade in order
to minimize thermal stresses. Current efforte are belng directed toward
liquid-metal coolants and the use of small coolant passages closely spaced
around the periphery of the turbine blade.

Natural convection governs the circulation of coolants withln the
rotating parts of liquid-filled cooling systems. Coolant temperature
levels have an important bearing on coolant properties and hence on
natural-convectlon circulation. The temperature drop through the turbine
blade, if sufficiently large, may have to be accounted for Iin evaluating
coolant cilrculation and system operation. Heretofore, it has been cus-
tomary to assume nominal values for such temperature drops or to evaluate
them either by numericel methods as discussed in reference 4, or by the
use of simple electric analogs as outlined in reference 5. Ae design
procedures are refined and blades and systems are deslgned nearer thelr
temperature limits, the need for comparative information on the tempera-
ture drops through turbine blades with a wide variety of cooling-passage
configurations will become increasingly important to the designer.

The present report may be used to obtain an initial survey of & wide
range of passage geometries in order to permit the selection of a given
configuration {or configurations) best suited to the conditioms of opera-
tion. Then, if desired, a more accurate and detalled picture of the tem-
perature distributlon mey be obtained elther by applying the methods of
reference 4 or by making an analog (or analogs) for the entire blade (or
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blades). Data are presented in terms of the differences between the
cooled-surface temperature and (1) the average heated-surface temperature,
(2) the minimum heasted-surface temperature, (3) the maximum heated-surface
temperature, and (4) the maximum temperature at the rear of the blade
section corresponding to the centerline of the turbine blade. The differ-
ences based on average heated-surface temperature are useful for heat-flow
calculations; those based on minimum hested-surface temperature permit
evaluation of maximum temperature gradients; those based on maximum
hested-surface temperatures allow calculation of meximim metal tempera-
tures; and those based on the maximum temperatures at the extreme rear of
the blade sections yield the maximum temperature at the centerline of the
turbine blade. ’

With the use of coolant passages of relatively small cross section,
the stress problems due to high coolant pressures are not so critical.
Consequently, square, rectangular, and/or oval passages may prove feaslble
for many applications, depending on the fabrication techniques employed.
Square, rectangulaer, and circular passages were investigated herein to
permlt reasonable gpproximations of a wide variety of shapes. Data are
presented for a range of geometries for each of these cross sections.

SYMBOLS
A area, sq ft

a dimension of cooling passage parallel to surface (fig. 1(b)), in.

b dimension of cooling passage perpendicular to surface (fig. 1(b)),

in.

Ae potential difference, v

h heat-transfer coefficient, Btu/(br}{sq in. or sq £t}(°F)

i current, amp

k thermal conductivity, Btu/(hr)}(in. or £t)(°F)

L dimension perpendicular to plane of grid of a metal block whose
thermal resistance 1s represented by a l1-inch length of wire on
analog grid (fig. 1(d)), in.

1 width of metal block whose thermal resistance is represented by a
1-inch length of wire on the analog grid (fig. 1(d)), in.

n direction normal to surface
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Rtn

1
Rth

T temperature, OF

T mean temperature, °F

Ty, e effective gas temperature, °F -

)

AT temperature difference, °F

AT difference between mean heated-surface temperature and ccoled-
surface temperature, OF

ATmax difference between maximum heated~surface tempereture and cooled-
surface temperature, °F

ATpin difference between minimm heated-surface temperature and cooled-
surface temperature, OF

ATr difference between maximum temperature at rear of simulated blade
section (camber line of blade} and cooled-surface temperature,
OoF

t thickness of metal block whose thermal resilstence is represented
by a 1l-inch length of wire on analog grid, in.

X,¥,2 distances along mutually perpendicular axes, £t

$ temperature-difference ratic, (T - T3)/(T; - Tp)

Subscripts:

o] heated surface

W plane wall

1,2 used to distinguilsh between areas and temperatures on different

SR NACA RM ES5K18

heat-flow rate, Btu/hr
heat-flow rate per square inch of surface area, Btu/(hr)(sq in.)

electrical resistance, ohms
thermal resistance, (hr)(°F}/Btu
thermel resistance per unit surface area, (hr)(°F)/(Btu)(sq in.)

unit electrical resistance of analog grid, ohms

surfaces of a body
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APPARATUS

Thermal resistances of rectangular sections of cooled turbine blades
with various cobling-passage configurations were determined from measured
electrical resistances of simulated configurations on a resistance analog.
Figure 1(a) indicates some typical sections of liquid-cooled bledes whose
heat-flow paths may be approximated on a simple rectangular snalog. An
idealized representation of one such blade section is shown in figure
1(b). A uniform heat-transfer coefficient is assumed over one boundary
of the section, while no heat flow occurs sacross the other three sides.

A uniform temperature is assumed for all cooling-passage surfaces. The
electric analog on which such sectlons were approximated experimentally
is illustrated schemstically in figure 1(c). The turbine blade metal was
represented by a grid of resistance wire, each length of wire between the
welded junctions representing a block of metal as indicated in figure
1(d). Cooling passages were simulated by shorting out appropriate portions
of the grid at desired locations (assuming a uniform cooled-surface tem-
perature), and the thermal resistance of the boundary layer on the heated
surface of the blade was represented by a series of resistances connected
to the wires along one side of the grid (see fig. 1i(c}). (The principles
and the design of the analog are given in the appendix.)

The wire grid was a 20- by 20-inch square of 1- by l-inch mesh of 24-
gage chromel wire electrically spot-welded &t each Junction. Wires were
held. in grooves in & copper template during welding to ensure dimensional
accuracy. Varying lengths of 3/16— by l/é—inch copper bars were used to
short out areas of the grid to simulate squere and rectangular passagesy
ll-gage copper wire was used for circular holes. The desired passage
shape and size were outlined by copper bars (or wire) which were then
clamped in place by heavier copper bars (1/4 by 1 in.). Machine screws
projecting up through the grid at intervals from a plywood base facilitated
the clamping. The cooling-passage array was connected to the 1/4- by 1-
inch copper bus bar adjacent to the grid (fig. 1(c)) by copper bars of the
seme slze. The large bar sizes were used to avoid apprecigble voltage
drops between coolant passages. Boundaries were set within l/64-inch for
the square and rectangular passages, which were outlined by bars of rec-
tangular cross section, and within 1/32 inch for the circular passages,
where wire of circular cross section was used.

The external resistances representing the thermal resistance of the
boundary layer at the outer surface of the blade were lengths of cali-
brated 28-gage chromel wire. Twenty such lengths were welded to the grid
at 1-inch intervals along one side, the connections being made 1/2 inch
from the grid-wire junctions (fig. 1(c)). The opposite ends of these
external resistances were welded to a length of chromel rod that was
brazed to a heavy copper bus bar to ensure a uniform electrical potential
at these points. The external resistances were inltiaslly chosen to cor-
respond to a heat-transfer coefficient of 250 Btu/(hr)(sq ft)(OF)

1.736 Btu/(hr )(sq in. }(°F)] and later for one-fourth that value.
Detalls are given in the appendix.)
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A 6-volt automobile battery and s voltage divider supplled current N
to the analog. The entire assembly except the battery was mounted on a -
plywood base. . .. :

EXPERTMENTAT, PROCEDURE

Once a given passage slze, passage shape, passage spacing, and wall
thickness had been selected and the corresponding areas of the grid shorted 9
out as indicated in figure 1(c), a potential was applied across the bus o
bars of the analog. The voltage was adjusted to give a large deflection
on the scale of the d-c ammeter which meassured current flow. The potential
difference between the coolant-passage bus bar and the grid wires within
the shorted-out passage areas was checked with a commercial lsboratory
potentiometer. Any measursble potential difference indicated a poor elec-
trical connection somewhere in that portlon of the circuit; such connec-
tions were ascertalned and the difficulty eliminated. Potential differ-
ences were then checked between the cooling-passage bus bar and the 20 -
points along the edge of the grid which represented the surface of the
blade section and also between the cooling-pessage bus bar and a point on
the extreme rear of the grid midway between cocling passages.

Measurements were taken with varlous combinations of passage sizes,
shapes, and spacings, and with varying wall thicknesses on the full 20-
inch-deep grid. It was expected that this grid depth would be sufficlently
large with respect to passage dimensions to approximate the condition of
infinite grid depth. Subsequently, the grid depth was decreased in & ~
series of steps by cutting off strips from the rear of the grid. At each
step the foregoing procedure was repeated for a range.of cooling-passage
configurstions.

Table I indicates the range of conditions for which data are
presented. :

CALCULATION PROCEDURE

Calculation procedures employed herein involve evaluation of analog
electrical resistances for verilous similated cooling-passage configure-
tions, determinastion of the corresponding thermal resistances, and cal-
culation of unit values of kAE/Q‘ based. on a common heated-surface area
in order that results may be compared directly. Unit values of kAT/Q'
are presented in terms of four different temperature drops to permit
ready calculation of the average, minimum, and maximum heated-surface
temperatures, and the maximum temperature at the rear boundary of the
blade section (tsble I).
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Determiﬁatiqg of Thermal Resistance

The electrical resistance of the simulated cooling configuration was
first determined from measured analog values of current and voltage drops.
The potential differences between the 20 points representing the blade
surface and the cooling-passage bus bar were averaged arithmetically. The
mean value divided by the measured current gave the electrical resistance
for the simulated configuration. This resistance multiplied by the pre-
viously determined ratio of thermal to electrical resistance (see append.ix)
gave the thermal resistance of the configuration.

Thermal reslstances based on the minimum and also on the maximum
temperature on the heated surface of the simulated blade section were
obtained in the same way, except that the minimum and the maximum rather
than the average potential drop from the surface to the cooling passage
were used in determining the electrical resistances. Similarly, proce-
dures used in evaluating thermal resistances based on the maximum tempera-
ture at the rear of the simulated blade section were identical except for
the potential difference employed.

Determingtion of Unlit Thermal Resistance

The surface area represented on the analog was 20lL, where 1 was
the width and I the dimension perpendicular to the plane of the grid of
the block of metal whose thermal resistance wes represented by the elec-
trical resistance of 1 inch of grid wire. The value of 1L was assumed to
be 1 inch at all times, while various values were assumed for the equiva-
lent grid spacing 3. The surface area varied with 1; and, in order to
put resulis on the basis of a common surface area, the following relation
wasg used: '

R!. =

Ae Rth equivalent analog surfsace area
th ~ 1 R..

RE common reference surface ares

se Ben 201L )
i RE common surface aresa

where R{, is the thermal resistance per square inch of surface area.

In the present case the values assumed (see appendix)} reduced equation
(1) to . -

_ se (br)(OF)
R, = 181 1 %, ~H&s (2)
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By assuming different values for the equivalent grid spacing 1, the
measured electrical resistance for any simulated cooling configuration may
be used to obtain thermal resistances for a series of geometrically similar
configurations. All physical dimensions of the configuration except L
vary directly with 123 this includes the surface area, since the dimension
perpendicular to the plane of the grid I was assumed 1 inch at all
times. Thus, the measured electrical resistance of an analog set up for
passages 2xZ grid spaces square spaced 10 grid spaces apart with a wall
thickness of 4 grid spaces may be used to evaluate the thermsal resistances
of (a) 0.010- by 0.010-inch passages spaced C.050 inch apart with a wall
thickness of 0.020 inch, (b) 0.040- by 0.040-inch passages spaced 0.200
inch apart with a wall of 0.080 inch, or (c) any other geometrically simi-
lar arrangement.

Justification of the procedure within the limits used herein lies in
the fact that a fourfold change 1n the parameter hot/k in the current

seriegs of experiments resulted in a spresd of only 6 percent in observed
data., The analog weas origlnally set up for an outside heat-tranafer coef-
ficient of 1.736 Btu/(hr)(sq in.)(°F)[250 Btu/(hr)(sq £t)(OF)], a conduc-
tivity of 1.25 Btu/(hr)(in.)(°F)[15 Btu/(hr)(ft)(OF)f, and an equivalent
grid spacing of 0.005 inch, which gave a value of 0.006944 for the parame-
ter hoﬁ/k. Subsequently, a change in the external resistances simulating

boundary conditions at the heated surface resulted in & value of 0.02778
for this parameter. Figure Z showe the results obtained from four identi-
cal configurations before and after this change was made. At the meximum
passage spacing of twice the grid wildth, or 40 grid spaces, the data lie
wlthin a 6 percent band or within 3 percent of a mean line; at half that
spacing agreement is better. On the basis of thie agreement and the ac-
curacy requirements of this project, it is felt that the use of a varying
scale factor 1 in equation (2) to calculate R}, for more than one

geometrical configuration is Justified within the range of hot/k used
herein.

Presentation of Results

Consider the heat-conduction equation

- kA

Q= AT
or

2 AT

kAT Q

—__

XAR%
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The factor relating @ to AT is Z/kA, which might be thought of as
the resistance of the blade section to the flow of heat. The effects of
cooling-passage geometry on this factor are investigated in this report.
Obviously, k¥ 1is independent of geometry, so that I/A and its variations
with geometry are of principsl concern. Imasmuch as the quantity in-
volving Q', the heat flow per unit surfece area, and AT will be of
direct interest to the users of these data, kAT/Q' willl be used in the
Tigures presenting results rather than the identical quantity Z/A; Q'

is used rather than @ so that all results will be based on a common
surface area and be directly comparsble.

Application to Purbine-Gooling Calculations

In a typical application of the informetion hereln, the designer will
have to select a turbine blade-cooling configuration end a cooling system
to operate within the limits imposed by engine and flight conditions.

This report furnishes temperature drops through the blade for a wide range
of configurations so that the effect of such drops on thermal stresses
within the blade, temperature levels within the blade, and temperature
level and operation of the cooling system may be evaluated.

The designer must determine Q' (or AT) from the conditions of op-
eration, select the passage configuration which most nearly matches that
which he is considering, and, from the proper curves, determine the ap-
pliceble value of XAT/Q'. The temperature drop {or Q') is then deter-
mined from

XAT Q°

AT = S

After evaluating the relative effect of numerous configurations upon blade

stresses and cooling-system operation, other considerations such as fab-
rication problems must be weighed before a final configuration 1s chosen.

The application of the data must be 1imited to such sections as can
be approximated by square or rectangular portions of the blade that ful-
£ill the boundary conditions. Figure 1(a) indicates several such blade
sections.

RESULTS AND DISCUSSION

In order to determine quantitatively the relations between heat flow
and varlous temperature drops within the metal of cooled turbine bledes
for a variety of cooling-passage sizes, shapes, and spacings, with
varying wall thicknesses, the resistance to the flow of heat was evaluated
for a large number of coollng conflguratlions. Plots relating 'kAE/Q' to
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the geometry of the cooling-passage configurations are presented in terms

of the average, the minimum, and the maximum heated-surface-to-cooled- -
surface temperature drop and the maximum temperature drop from the rear
boundary of the blade section to the cooled surface. Iuitlally, the depth

of the simulated blade section was kept sufficiently large with respect to
bassage dimensions to approximate the condition of infinite section depth.
Subsequently, the depth of sectlon was gradually reduced and a number of
cooling configurations were reinvestigated in order that the effect of

section depth might be evaluated.

Resistance to Heat Flow Based on Average
Heated-Surface Temperature

Maximum section.depth. - Square passages: Typlcal results cbtalned
with square pessagee in a section whose depth is large with respect to '
passage dimensions are shown in figure 3. Data are given for square pas- .
sages of-varylng sizes at spacings of 0.8 and 0.2 inch. The curves showing
the variation kAE/Q' with wall thickness are parallel to that calculated
for s plane wall except at low wall thicknesses. The curve for a plane
wall which is heated uniformly on one side and cooled uniformly on the
other represents the lower limlt for such a series of curves; in this
condition heat flows st a uniform density by the shortest possible path
from the heated to the ccoled surface.  Any deviations from thie condition
require longer heat-flow paths and local increases in heat-flux densities,
both of which increase the over-all resistance to heat flow. It is pos-
sible to have a much larger cooled surface srea than occurs with a plane
wall and still have a higher resistance to the flow of heat. With the
0.2-inch spacing (fig. 3(b)), any passage less than 0.2 but greater than
0.05 inch sguare: will present more passage surface area to the heat flow
than does the plane wall for the corresponding width of sectlion, but the
factors mentioned result in higher resistances to heat flow.

In comparing these and subseguent figures in which spacings vary, it
must be remembered that all data are presented on the basis of & common
heated-surface area. At comparable heat-flux densities at the heated
surface, the smaller number of passages of a glven size which are asso-
ciated with the larger spacings require longer heat-flow paths and greater
local heat-flux densities in the neighborhood of the cooling passages,
with an accompanying increase in the over-all thermal reslstance of the
configuration. - . - .

If thermal resistances were calculated on the basls of the tempera-
ture differences between the cooling passage and the heated surface at a
polnt directly opposite the passage, thermal resistances would go to zero
at zero wall thickness. However, as the differences between cooling-

pessage temperatures and the average heated-surface temperatures were -

EEmE———
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used, finite values were oObtained at zero wall thickness. The increases
in flow resistance with decreasing wall thickness that are evident at very
small wall thicknesses may be attributed to the influence of the steep
temperature gradients in the immediate neighborhood of passsges upon the
outer surface temperstures.

The fact that the .curves of kZE/Q' against wall thickness are par-
allel to that for a plane wall (see flg. 2) makes possible the elimination
of wall thickness as a variable if the deviations from a straight line at
very small wall thicknesses may be ignored. The difference between
kAT/Q' for a given configuration and for = plane wall may be plotted
against passage size with spacing as a parameter. In such e plot the
curves of figure 3 appear as polints, and a series of curves as shown in
figure 3(a) appears as & single curve. This type of plot for a series of
square-passage sizes and spacings i1s presented in figure 4(&). As passage
sizes approach zero, heat-flow areas al the passage surfaces become very
small and temperature gradlents lncrease rapidly; the curves of figure
4{a) therefore go to infinity st zero passage size. As passages increase
in size, flow conditlions approach those through a plene wall. When the
hole size equals the spacing for square holes, the plane-wall condition
is reached and the curves go to zero.

Circular passages: Cilrcular passages were investigated over & range
of hole sizes, spacings, and wall thicknesses; results are presented in
figure 4(b). .Since the perimeter of the circular passage is smaller than
that of & squsre whose sides equal the circle diemeter, local hest-flux
densities adjacent to the circular passsge are higher, temperature gra-
dients are steeper, and the resistance to heat flow is greater (cf. figs.
4(a) and (b)). As diameters increase, overlapping circular passages
approach the plane-wall case only in the 1imit; the curves of figure 4(v)
therefore approachlthe abscissa asymptotically rather than going to zero
when passage diameters equal passage spacing.

Rectangular passages: The effect of using coolant passages of vary-
ing width-depth ratios is shown in figure 5, which indicates that passage
width has much more effect upon the thermal resistance of the blade sec-
tion than does the passage depth (cf. curve slopes, figs. S5{a) and (b)).
Because of the relatively minor effect of passage depth, the curves of
figure 5(b), which illustrate the effect of passage width, are limited to
a single passage depth rather than covering a range of depths. The pas-
sage sizes shown are in the range of current interest in turbine cooling.
Although the data apply directly to rectangular passages, they should
permit estimation of kAT/Q' for oval passages with reasonsble accuracy.

Varying section depths (square passages). - The foregoing results
were obtailned with & constant sectlon depth that was large with respect
to pessage dimensions. Figure 6 summarlizes comparable results for
seversal passage sizes when the section depth is reduced by steps to a
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fraction of its original value. At small spacings and the larger paseage
sizes, the reduced section depth has little effect on kAT/Q'. _As spacings
lncrease and passage sizes decrease, pronounced increases in kAT/Q‘ are
evident.

For a given hole size and spacing, a separate curve of kAT/Q'
against wall thickness may be obtalned for each sectilon depth. As 1s evi-
dent from filgure 6, the lower 1limit is that curve which applies for an
infinite section depth, a condition which was approximaeted in the previous
cases where section depth was large with respect to passage dimensions
(figs. 3 to 5). 'The second limit for each family of curves is indicated
by the deshed lines in figure 6, which apply to coolant passages at the
extreme rear of the various sections The sharp increasse in kAT/Q' that
occurs as the rear bhoundary of the section 1s approached results from the
reduction in flow area and the accompanying increase in thermal gradients
in the region adjacent to the cooling passage. As spacings are reduced
and passage sizes increased, these limiting curves approach each other
and, for practical purposes, coincide.

Section heated along two opposing sldes. - The case of a sectlon of
blaede heated uniformly along two opposing sides and cooled by & single row
of passages equldistant from those surfaces is illustrated in figure 7.
Square and rectangular passages are consldered. Inasmuch as Q' 1is de-
fined as heat flux per unit surface area, it 1s obvious that the thermal
residtance of a given sectlion heated along one surface ls the same as that
of two such sections back to back. Therefore, the dashed curves of fig-
ure 6, which represent kAT/Q' of sections heated along one surface and
cooled by passages at the extreme rear, must alsc represent kAT/Q' of
sections heated along opposling surfaces and cooled at the centerline by
a row of passages of the same width but twice the depth of the original
passages. Figure 7 was eveluated 1n thie manner from data such as those
presented 1in flgure 6.

Resistance to Heat Flow Based on Minimum
Heated-Surface Temperature

The temperature gradients are greater along a normal from the heated
surface to the center of the cooclant passage than along any other heat-
flow path in the sectlon. The local heated-gurface temperature is.a minl-
mum on thils normal. The data in this section are based on the difference
" between this minimum heated-surface tempersture and the cooled-surface
temperature. The method of presentation is the same as in the preceding
section. ' o ' :

Maximum section depth. - Square passages: The variations of
KAT, s, /Q" with well thickness for the case of square passasges in rela-

tively deep sections are shown in figures 8(a) and (b) for passage

liliany
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spacings of 0.4 and 0.2 inch, respectively. The magnitudes of the ordi-
nates are, of course, lower for comparable conditions than those of curves
based on the average heated-surface temperatures (see fig. 3). The rates
at which curves become parallel to that for the plene wall is slower than
was the case for curves based on average heated-surface temperatures (see
fig. 3). This fact makes impractical the elimination of wall thickness as
a variable. Consequently, data are presented in plots of kAmmin/Q'

against wall thicknees for a series of individual passage sizes rather
than in plots of (kATmin/Q') - (kAC[‘/Q')_pw against passage dimensions.

Circular passages: Figures 8(c) and (4) show the variation of
kATmin/Q' with wall thickness for circular passages in a relatively deep

section for passage spacings of 0.4 and 0.2 inch. Values of kATmin/Q’

for circular passages are slightly higher at comparable conditions than
for square passages whose sides are equal to the diameter of the circular
passages. Again, it is evident that magnitudes of _kAImin/Q' are lower

at comparasble conditions than for curves based on average hested-surface
temperatures.

Varying section depths (square passages). - The variastion of
kAT 5../Q' with wall thickness for a series of section depths is shown

in figure 2 for a range of squere-passage sizes and spacings. The com-
parison made previously for similar data based on average heated-surface
temperatures is applicable in the present case, both as to msgnitude of
ordinates and rates at which the slopes of ‘curves approach that of the
pPlane wall. :

Section heated along two opposing sides. - The variation of .
kATmin/Q' with wall thickness is shown in figure 10 for a section heated

along two opposing sides and cooled by a single row of passages along its
centerline. Curves vary from those based on AT (fig. 7), in that they
go to zero when section thickness equals passage depth, and thelir slopes
approach that of a plane wall at a slower rate.

Resistance to Heat Flow Based on Maximum
Heated-Surface Tempersature

In order to permit calculations for the maximum temperature, figures
11 to 13 have been prepered. The data differ from those previously shown
only in the temperature drop involved, the drop from the heated surface
at a point equidistant from the passages to the cooled surfaces.
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Maximum sectlon depth. - Square paesages: The variastion of
kATmax/Q' with wall thickness is shown in figure 11{a) for square pas-

sages 1n & relatively deep section. The curves are, in general, similar
to those based on average surface temperatures (fig. 3). Aside from
magnitudes, the chief difference lles in the rate at which the curves _be-
come parallel to that for the plane wall. In the present instance, the
rate is much slower than noted previously, particulerly at the larger

paessage spacings.

Circular passages: The variation of kammax/Q' with wall thickness

is given in figure 1l(b) for circular passages 1n a relatlvely deep gec-
tlon. The remarks concerning square. passages apply equally here. As
noted previously, magnitudes of kammax/Q' are higher for circular pas-

sages of a given dismeter than for the comparsble square paesages.

Varying section depths (square passages). - The maximum temperatures
that occur on the heated surfaces of sections of varying depths may be
determined for & number of passage sizes from the data of figure 12. In
general, the curves are qulte similar to those based on average and mini-
mum surface temperatures. Magnitudes of kATmax/Q' are, of course,

greater. The rates at which the curves become parallel to that for the
plane wall are slower than those of KAT/Q' in thie case also.

Section heated along two opposing sides. - The maximum temperatures
on the blade surface may be determined from figure 13 for a section heated
along opposing sides and cooled by a single row of passages along the
centerline. Magnitudes are greater than 1ln figure 7 where average heated-
surface temperatures were used rather than maximum values, and flgure 10
where minimum heated~surface temperstures were used. Slopes of the cor-
responding curves vary appreclisbly, but the plots are baslcally the same.

Resistance to Heat Flow Based on Maximum
Rear-Boundary Temperature

In order to give a rough idea of temperature variations in the region
behind the cooling passages wlth varilous cooling-passage configurations,
a series of curves is shown which is based on the differences between the
meximum temperature on the section boundary opposite the heated surface
and the tempersture &t the cooling-passage surface (figs. 14 and 15). The
maximum rear-boundary temperature corresponds to the maximum temperature
at the centerline of a turbine blade. If Q', k, and the cooled-surface
temperature are known, the maximum rear-boundary temperature may be evalu-
ated from these figures.

3883
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Varying section depths (square passages). - The variations of
kAﬂ&/Q' with wall thickness are shown for three square-passage sizes in
figure 14 for a range of section depths and passage spacings. As might
be expected, the magnitude of kAEr/Q‘ is very sensltive to passage size

and passsge spacing. The limiting condition here, which corresponds to
the plane-wall case shown in meny of the preceding figures, is the hori-
zontal coordinate axis; this condition corresponds to the complete isola-
tion of the core of the blade by the coolant. Some of the configurations
illustrated in figure 14 approach this limiting condition closely.

Sectlon heated along two opposing sides (square passages). - As in
previous cases, the dashed curves of figure 14, for passages at the ex-
treme rear of the simulated blade section, are extended in figure 15 to
represent conditions for sections heated uniformly along two opposing
sides. At low wall thicknesses or low section thicknesses, the tempera-
ture midway between cooling passages 1is sensitive to wall thickness; but,
as wall thicknesses increase, the curves flatten out and the temperature
at that point remains almost constant.

ILTUSTRATIVE EXAMPLE

The following example is included to indicate the megnitudes of the
temperature drops within a turbine blade with various passage geometries.

Assume that a portion of a blade may be approximated by a 1- by 1-
by 0.15-inch section. Operating conditions yield an effective gas tem-
perature of 1600° F and a surface heat-transfer coefficient of 225
Btu/(hr)(sq £t)(°F). Stress considerations indicate that an average
metal temperature on the order of 1300° F will be permissible; at this
temperature the blade material has a thermal conductivity of 14
Btu/(hr)(ft)(°F). Evaluating Q' from surface conditions gives -

Q = n(Ty o - Tp) = 225x 75 x (1600 - 1300) = 469 Btu/(hr)(sq in.)

469

1
léx 75

Q. = 4020
= = = 402° F/in.

For & 1- by 1- by 0.15-inch section with a 0.05-inch wall, a 0.2~
inch passage spacing, and a ‘passasge slize of 0.04 by 0.04 inch, figure
6(b) gives a value of 0.085 for kAT/Q'. Then,

&)

- Q' _ _ o
AT = XTS-—O.085X4_-02 =34.2 F

1

f:»)
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For the same conditions, figure 9(b) yields & value for kAT, /Q' of
0.071, from which AT, = 0.071x 402 = 28.5° F. Similarly, from figure
12(b), KAT,../Q' = 0.085 and AT, . = 34.2° F. At the rear of the sec-
tion (fig. 14(b)), kAT./Q' = 0.023 anmd AT, = 9.2° F.

For compsrison, table II summarizes the temperature differences ob-
tained at four passage spacings for (a) a 0.04- by 0.04-inch passage with
a section depth of 0.15 inch, (b) a 0.04- by 0.04-inch passage with & very
large section depth, and (c) a 0.04-inch-dlameter passage with a very large
section depth.

Under the conditions chosen, the temperature drops are very similar;
variations due to section depth or to differences in flow paths for square
and circular passages are slight at spacings of 0.4 inch or lese. With
smaller section depths, smsller passsges, and larger passage spacings, the
variations would, of course, be more pronounced.

In designing a blade for maximum blade and coolant temperatures, a
series of such calculations may be made in order to survey a wide range
of geometries and arrive at a tentative configuratlon or configurations.
Then, if deslred, a more accurate and detailed knowledge of blade tempera-
ture distribution may be obtained either by relaxation methods or by the
use of analogs. Tn either case, a larger section of the blade profile
should be examined than in the present lnvestigation.

In the final selection of a configuration, thermal stresses due to
temperature gradients, centrifugal stresses arising from the load due to
the welght of the coolant within the blade, and pressure forces resulting
from centrifugal action on the coolant must be welighed 1n relatlon to the
over-all mechanical design of the blade.

CONCLUDING REMARKS

Experimentally determined curves are presented which show quantita-
tively the effect of cooling-passage geometrles upon the relations between
heat flow and temperature drops wlthin cross sections of liquid-cooled
turbine blades. Temperature dlfferences between the cooled surfaces and
points of (1) average, (2) minimum, and (3) maximum heated-surface tem-
peratures and (4) meximum centerline temperatures may be evaluated for a
wide range of cooling-passage sizes, shapes, spacings, and wall thicknesses
and for a range of blade-section thicknesses. Such informetlon will be re-
quired in deslgning liquid-cooled blades and liguid-filled cooling systems
for maximum-temperature operation in aircraft turbines.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, November 25, 1955
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APPENDIX - ANATOG PRINCIPLES AND DESIGN
Principles

The difficulties involved In obtaining accurate experimental thermal
measurements are such that, for over a half a century, scientists have
been developing ways of evaluating thermal relations from experimental
measurements of quantlties other than heat flow and temperature. The
field of applicatlion is wide, since analytical methods, except in the
simplest cases, are cumbersome and lengthy. Analogy methods have served
well. - —

BEquations. - This section is taken almost directly from the discus-
sion of Jekob in reference 6 for steady-state conditions.

Consider a homogeneous body of thermal conductivity k which has
a heated surface 4; at a uniform temperature T; and. a cooled surface

A, at temperature T, and is thermally insulated elsewhere. Heat flow
will be in accordance with Laplace's eguation:

2 2 2
aT+aT+aT=
dx? dy?  dz%

The heat-flow rate is given by

Q=-kf§—§cm1 o )
Ay

where n is the direction normsl to dAl.

0 (a1)

Let
§ oo 22 (a3)
Ty - T
Substitution of equation (A3) in equation (Al) yields
azi + aag + Bai =0 (a4)
ox oy oz
with the boundary condltions
¢ =1 for T=17Tq
=0 for T=1Tp
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Equation (A2) becomes

= k(Ty - Tp) f g_q, dAy (5)
Ay

Hence, neither ¢ nor the integral of equation (A5) depends on tempersa-
tures but only upon  the shape of . the body.

The integral of equation (A5) may be considered as the ratio of the
mean effective area of the heat-flow path to the mean effective length.
Since this retio is independent of both temperature and heat flow, it can
be determined by any suitable experimental method that satisfles equations
(Al) and (A2), regardless of the quantities represented by T, @, and Kk,
as long as the experimental shape is similar tc the body under
consideration.

Electrical analogy. - In employing an electrical system to simulate
heat flow through a body, the analogy between the varilous quantities be-
comes apparent from examination of the equations involved. Conslder the
electrical conduction equation :

Le = iRy (a8)
and the thermal conduction equation
AT = Q 7= (A7)

The driving force iz Ae 1n one case and AT 1in the other, the current
flow 1 corresponds to the heat-flow rate Q, and the electrical re-
sistance Ry has 1ts counterpart id the thermal flow resglstance Z/kA

In geometrically similar filow peths, definite relations exist between
these corresponding quantities. The temperature gradlents and hest-flow
rates in each local area of the heat-flow system bear the same relations
to the potentilal gradients and current flow rates in the corresponding
area of the electrical model as the over-all temperature drop and the
total heat flow of the heat-flow system do to the total voltage drop and
the total current flow through the electrical model.

Design
General consilderations. - A number of mediums have been employed to

similate bodies in which heat-flow relations were belng consldered.
Avallability of equipment and materials and ease of handling plus some
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previous experierice in fsgbrication led to the seélection of a simple
resistance-wire grid (see Pig. 1(c))} for the present project. As long as
a8 relatively large number of mesh are used, the network of discrete lumped
resistances approximetes the condition of a continuous heat-flow path with
sufficient accuracy for the problem. Accuracy within 1 to 5 percent may
be attained with analogs of this type.

Design relations. - The relation between the thermal resistance of
the body considered and the electrical resistance of the analog model
depends on the electrical resistance of one side of & unit grid mesh on
the analog and the thermal resistance of the metal block represented by
that electrical resistance, or, in other words, on the scale of the model.
Consider an analog in which the unit grid resistance R, represents the

thermal reslstance Rip of a metal block of cross sectlon 11X and of
thickness +. The resistance of the block.to the flow of heat is given
by

t
Ben = 7L (48)
Then,
R
th t
By T BT (89} -

This ratio governs the converslon of any resistance wvalues obtalned from
the analog into the corresponding thermal resistances. It also controls
the values of the electrical resistances required to represent the thermal
resistances of the boundary layer at the outer surface of the simulated
portion of the turbine blade. The resistance required for each surface
area XL is computed as follows:

T - Fq

_ T8,e 1
R'th,o - Q

1
T hoA, T B IL

Rg 1 REIL ORK
Rg,0 = Bth,o =TTt "Lt
4 2© Ryy (o) o

(A10)

(a11)

Similar calculetions may be made for the cooled surfaces if a finite heat-
transfer coefficient is assumed there. In the present case, an infinite
coefficient was assumed.

Analog design. - A 20- by 20-inch grid of 24-gage bright-drawn chromel
wire was fabricated using a 1- by l-inch grid mesh. The wire was calil-
brated and fournd to have a resistance of 0.0884 ohm per inch at 70° F.
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The metal block represented on the grid by a l-inch length of wire was as-
sumed. to have the dimenslions L = 1 inch (perpendicular to the plane of
the grid), 1 = 0.005 inch, and % = 0.005 inch. Values of h, = 250 Btu/
hr }(sq ft)(oF)En736 Btu/(br)(sq 1n.)(°Fﬂ and k = 15 Btu/(hr)(£t)(°F)
l.ZS'Btu/(hr)(in.)(oFi] were chosen as typlcal of those encountered in
cooled-turbine work. The temperature drop through the boundary layer at
the cooled surfaces was assumed negligible 1n the present case 1in view of
the strong cooling that may be realized with liquids. These values, when
substituted in equations (A10) and (All), yield the following:

RtT; = 9.05 (nr)(°F)/(Btu)(ohm)

Rg,o = 12.73 ohms

A calibrated 28-gasge chromel wire (resistance = 0.213 ohm per in. at
70° F) was used for RE,o: 59.7 inches being required for each unit grid

surface area 1 X L.

It can be seen from equation (All) that hgt/k = Ry/Rg - The typi-

cal values assumed glve a value of 0.0065944 for this parameter. Subse-
quently, RE,o was arbltrarily reduced by a factor of 4 and the parameter

increased to 0.02778 in order that the effect of changes in external heat-
transfer coefficlent and/br scale might be observed. ’

REFERENCES

1. Schmidt, E.: The Possibilities of the Gas Turbine for Aircrafi Engines.
Reps. & Trans. No. 4889, GDC 2504T, British M.0.S.

2. Freche, John C., and Disguila, A. J.: Heat-Transfer and Operating
Characteristics of Aluminum Forced-Convection and Stainless-Steel
Natural-Convection Weter-Cooled Single-Stage Turbines. NACA RM
E50D03a, 1950. = -~ Lo T T

3. Schramm, Wilson B., Nachtigall, Alfred J., and Arne, Vernon L.: Ana-
lytical Comparison of Turbine-Blade Cooling Systems Designed for a
Turbojet Engine Operating at Supersonic Speed end High Altltude.

I - Liquld-Cooling Systems. NACA RM E52J29, 18953.

4. Livingood, John N. B., and Brown, W. Byron: Analysis of Temperature
Distribution in Liquid-Cooled Turbine Blades. NACA Rep. 1066, 1852.
(Supersedes NACA TN 2321.)

3883



¢B88¢

NACA RM ES5K18 SR 21

5. Ellerbrock, Herman H., dr., Schum, Eugene F., and Nachtigall, Alfred J.:
Use of Electric Analogs for Calculation of Temperature Distribution
of Cooled Turbine Blades. NACA TN 3060, 1853.

6. Jakob, Max: Heat Transfer. Vol. I. dJohn Wiley & Sons, Inc., 1949,
p. 400.



surfaces

NACA RM ESS5K1S8

TABLE I. -~ RANGE OF COOLIWG-PASSAGE GEOMETRIES INVESTIGATED

o m — - A HHMHN N AN o~
[
2y 3
OQNDODOO © 1] o
NN & o <
=} CooLOo © o] o} Q
Se. Q0000 0O o ¥ X ) !
&ﬁm 88 gP PO P g gPoO © 2 o
Q O NOoWw Q o o o}
0 < SAaR8 8 £ P ~ had
O00O00 O o0 O o o]
NN NN
\ : NNNNN NNNN M [N 3]
L 88 8 8ovovoo 0o |cooo © o o
lMsn 00 o] 000000 O 0000 O Q Q
thi PP P PPLLPPL P PHLPLH P pE} £
OO0 O [oNeNoNoNoNo RN ol O0COO © (o} o
30. [¢2] < 4.0- [os} A..
%m ow O OddDDO o o
! .« » * a s & (o] & ~H
3} [e¥e] 0o QODOOO0Q # 2O . 2]
a g © S £ [oRe:No] +
RP 00 0000 o "o~ "
[ PP N “PPPPNa O NN )
- L * - 4« * = @ 4
oo © OO0 O [eX=X=X+} o
o
% =t} . OM% COO0OO0O4ww ~H 0 o
@ O H COU84%0 o--| 0000 ee
N ol oodgaQo @ POO [ PLPPO [eXeoXe]
LR SR SRS - S e o NE%E
ttOtomOOO%BOO &00000 loRsNoReRoRoRe!
. . e e e
CO0O0O0 00000000 | OOOQOOO |[O0OO0O0OOQO
8 8 3 g L q
y 43 : 2|y,
sm emm w [ 0 eMeen euee @ [
o u @ @ : u o w
Mh O P L m £ (3] wt 3] + m
@ BHE @ > &9 i 9 Heo & g
nom m (] 0w o &C&&R MCWS o] &&
[ v
dg 8 w9 m.e g1 0 s B
(o] g O 9] Q
ah .& Mvea _.ma mﬁa m.
Q00 Q atf L Y] Y] iu
58558888 HE EHE id
HPrgdo [ da Mha K= 0

22




[Wall thickness, 0.05 1n.]

TABLE II. - TEMPERATURE DROPS THROUGH BLADE OF ILLUSIRATIVE EBXAMELE

Sec- |Pas- |Pas~ |KAT _ (@) , (;_kém_) S| My (kAT (Al | WO (AT | T, AT,
tion |cage |Bage | Q Q Q Q! P |—=7—| o —_—— o —
depth, | slze, lepac- " o in in. ?.'n ¥ ?.n F ?.n °F
1n. in. |ing, n. . . . .
in.
0.15 |0.04x| - Fg. 6(b) Fig. 9 Fig. 12(b) Fig. 14(b)
0.04 | 0.1 0.061 24.5 |=rmam- wmna |0.083(est)| 25.2 |-nmmanm-m- ———
.2 .085 34.2 ]0.071 | 28.5 | .085 34,2 |0.020 8.0
4 .162 64.8 | .097 | 39.0 [ .195 78.4 | .128 5l.4
N T el G e mmm— | mm——- ———
w |0.04x Fig. 4(a) Fig. Fig. 8 Fig. 11(a)
0.04 [ 0.1 | 0.011 0.050 [0.061 24,9 |=mmeo- <-=- |0.06(est) | 24.1
.2 .035 - .085 34.2 10.070 | 28.1 | .075 30.3
A .092 .142 57.1 | .096 | 38.6 | .181 72.8
.8 .26(eat) .31 1P I f— c——e | .44 177
® [0.04 Fig. 4(b) Fig. Fig. 8 Fig. 11(b
diam | 0.1 | 0.0135 0.050 [0.0835 | 25.5 [==-=-- ---- |0.055(est )| 22.0
.2 .034 .084 33.5 [0.073 | 29.3 | .079 31.8
.4 .100 .. 150 60.3 | .096 | 38.6 | .185 74.4
.8 .27{est) .32 8.5 |~mnm- -—-- | .500 201
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(a) Typical regions that may be approxiimated on rectangular anslog.

Heat flow into section
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section
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(b) Idealized blade section represented by experimental setup.
Pigure 1. - Relations of cooled-turbine-blade sections to experimental anzlog.
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shorting out
typlcal coolent
passage

i/l

This ber does
not contact
grid wires)

NANNANNNNNNNNN

i

[“xl" Mesh grid of 24-gage
chromel, spot-welded at Junctions

(¢) Schematic drawiug of experimental aralog.

Figure 1. - Countinued. Relations of cooled-turbine-blade sections to experimental analog.
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(d) Metal block whose thermal resistance is represented by l- by 1l-lnch segment
of grid.

Figure 1. - Concluded. Relations of cocled-turbipe-blede sections to experi-
mental analog.
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Figure 3. - Typlcal varistion of kAT/Q' with wall thickness in section whose
depth i8 lerge with respect to passage dimensions. 8Square passages.
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section whose depth 18 large with respect to pessage dimensions.
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